A newly designed and constructed sliding plate rheometer is used to measure the high frequency (210 Hz) linear viscoelastic properties of two model polymers: polybutene (PB) and polydimethylsiloxane (PDMS). Using well-known rheological models, extrapolations of the viscoelastic measurements obtained on a rotational parallel plate rheometer to a frequency of 210 Hz are used to assess the performance of the high frequency sliding plate rheometer. Good agreement between the extrapolated and measured data demonstrates the ability of the sliding plate rheometer to measure the high frequency rheological properties of both Newtonian and shearthinning materials.
INTRODUCTION
The rheological behaviour of molten polymers is of prime importance as it relates to their microstructure and governs their processing characteristics [1] . Rotational rheometers are routinely used to characterize the linear viscoelastic properties of polymer melts through small amplitude oscillatory shear experiments [1 -3] , and sliding plate rheometers are used to measure the nonlinear viscoelastic properties polymer melts using large amplitude oscillatory shear (LAOS) measurements [4, 5] .
The measurement of viscoelastic properties using rotational and sliding plate rheometers is generally limited to frequencies £ 30 Hz as iner-tial effects are known to become significant at high frequencies [1 -3] . Extension of the frequency range to higher frequencies (≥ 30 Hz) by means of time-temperature superposition (TTS) is not always possible, especially for semi-crystalline polymers such as polypropylene, as the highest frequency attainable in TTS is limited by the melting point of the polymer [1, 6] .
In recent years, several high frequency rheological techniques have been developed to characterize the linear viscoelastic behaviour of complex fluids. Torsional resonators, like the ones developed by Willenbacher [7] and Ballauff [8] , are capable of measuring in the kHz range, but only at discrete frequencies. Optical microrheo-logical measurements can measure the viscoelastic response over a wide range of frequencies from 0.01 Hz to 105 Hz [9] . Finally, the shear wave reflection technique (ultrasound) is capable of measuring in the MHz region [10, 11] , and has been investigated as a means of extending the master curves of model polymers [10, 12] . Although these methods have been demonstrated to be effective for complex fluids, and in some cases model polymers, torsional resonators and optical microrheology in particular cannot measure the viscoelastic properties of high molecular weight polymer melts.
Currently, no commercially available rheometer exists to measure the rheological properties of polymer melts at high frequencies. Knowledge of the high frequency rheological behaviour of molten polymers is critical to accurately modelling processes such as vibration welding that typically operate under high frequencies [13, 14] . The purpose of this work was to design and construct a high frequency sliding plate rheometer (HF-SPR) based on a linear vibration welding machine. Even though sliding plate rheometers are traditionally used to measure the nonlinear viscoelastic properties of polymer melts, in this work, operation of the HF-SPR in the linear viscoelastic regime enables us to compare the results to data obtained on commercially available parallel plate rheometers and thus, provides a means of validating the performance of the HF-SPR.
HIGH FREQUENCY SLIDING PLATE RHEOMETER
The HF-SPR is mounted on a commercially available linear vibration welder (Model Branson Mini II, Branson Ultrasonics Corp.). Vibration welding is a common industrial technique used to join injection-moulded thermoplastic parts [13, 14] . The process involves bringing two components together under pressure. The upper part rubs against the lower stationary part in an oscillatory manner at frequencies and amplitudes on the order of 200 Hz and 1 mm, respectively [13] . Frictional and viscous shear energy generated at the solid-solid interface causes polymer to melt at the interface, creating a molten zone approximately 0.1 mm thick between the two solid polymer parts [13] . Once the molten polymer covers the entire joint region, the vibration is stopped and the molten polymer solidifies, forming a weld [14] .
Given the similarity between the mode of deformation applied to the thin layer of molten polymer generated by vibration of the solid upper polymer part and the mode of deformation generated in traditional sliding plate rheometers operating in dynamic oscillatory mode, the vibration welder provides a unique framework for the construction of a HF-SPR capable of measuring viscoelastic properties of polymer melts at frequencies much higher than those attainable in commercially available rheometers. To achieve this, a custom designed sliding plate fixture was machined and attached to the vibration welder.
A schematic of the sliding plate fixture is shown in Figure 1 . Two aluminium plates, each with a surface area of 155 · 80 mm, were attached to the upper and lower fixtures, respectively, of the vibration welder. The lower fixture was attached to a pneumatically controlled lift table, which was used to raise the lower fixture to the desired gap spacing. Gap spacings in the range of 0.5 to 3 mm could be achieved under the current configuration. The upper fixture was attached to the vibrating head of the vibration welder. The upper fixture vibrates at 208.4 Hz, which is the resonant frequency of the vibration unit with the HF-SPR fixture attached. The frequency cannot be changed significantly because of power limitations on the vibration welding machine.
DATA ACQUISITION
Two piezoelectric quartz linear shear force sensors (Model 9146B, Kistler Instrument Corp.) mounted under the lower fixture of the welder were used to measure the shear force transmitted through the sample. Output from the two shear sensors was sent to a dual mode charge amplifier (Model 5010B, Kistler Instrument Corp.) before being sent to the data acquisition (DAQ) system.
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Applied Rheology Volume 17 · Issue 6 Accelerometers mounted on the upper (Instron® Model 256HX-10, Endevco Corp.) and lower (Dytran Model 3035B, A-Tech Instruments Ltd.) fixtures were used to measure the acceleration of the vibrating upper and stationary lower fixtures, respectively. Output signals from each accelerometer were conditioned (upper fixture: Model 480C02, PCB Piezotronics Inc.; lower fixture: Dytran Model 4110C, A-Tech Instruments Ltd.) and then amplified tenfold using an inverting operational amplifier (op-amp) (Model 3522K series amps, Burr-Brown Corp.) prior to being sent to the DAQ system.
Output signals obtained from the shear force sensors and accelerometers were digitized using a DAQ system (Model PCI-3101 board connected to a Model STA-300 screw terminal accessory using a CAB 305 cable, Keithley Instruments Inc.). For a total measurement time of 10 s, the sampling rate of the equipment is 4000 samples · s -1 , which at a frequency of 208.4 Hz, corresponds to approximately 1700 cycles with a sampling rate of 19 samples · cycle -1 . A Microsoft® Visual Basic® program was used to process and convert the acceleration and force output signals in voltages (V) to units of gravitational acceleration (G) and Newtons (N), respectively.
DATA ANALYSIS
In small amplitude oscillatory shear measurements, the polymer melt is subjected to a simple periodic shearing deformation such that the shear strain, g, as a function of time, t, is given by (1) where g o is the strain amplitude and w is the angular frequency. At low g o , the shear stress, s, will also be a sinusoidal function of t and is given by (2) where s o is the stress amplitude and d is the phase shift. If the inertia of the fluid has a negligible effect on the strain field, the stress and strain are proportional to the force and displacement [6] (3)
where F is the shear force, L and W are the length and width of the wetted plates, x is the displacement of the upper plate, and h is the distance between the plates. Acceleration, a, is the second derivative of displacement, x, therefore the relationship between acceleration and displacement is (5) where A is the amplitude and maximum displacement of the upper plate.
Linear viscoelastic properties are generally described in terms of the storage, G', and loss, G'', moduli, and the complex viscosity, h*, which are defined as [1] (6)
Parameter estimates of the amplitude and phase for the stress and strain curves were obtained by nonlinear regression analysis of 5 -10 cycles of data using the nonlinear curve fitting tool in the software program OriginPro®. The estimated values for s o , g o , and d were then used to calculate G', G'' and h* from Eqs. 6 -8.
EXPERIMENTAL

MATERIALS
Two model polymers were investigated in this preliminary investigation. Polybutene (referred to as PB, M w = 2150, r = 904 kg·m -3 at 15.5°C, Indopol® H-300, Innovene) and polydimethylsiloxane, trimethylsiloxy terminated (referred to as PDMS, M w = 100000 -130000, r = 976 kg·m -3 , DMS-T46, Gelest, Inc.) were used as received from their respective suppliers.
RHEOLOGICAL CHARACTERIZATION
The HF-SPR was operated at a frequency of 208.4 Hz and over a range of gaps (0.53 to 2.97 mm) and
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Volume 17 · Issue 6 amplitudes (0.0635 to 0.254 mm), thus ensuring the materials were subjected to a wide range of strains (2 to 48 %). For validation purposes, the rheological properties of PB and PDMS were compared to measurements obtained on commercially available parallel plate rheometers operating in oscillatory mode. The viscoelastic properties of PB were measured as a function of angular frequency, w, from 2 to 30 Hz using a controlled stress rheometer (Model ViscoTech, Reologica Instruments Inc.) with 20 mm diameter plates at a gap of 0.5 mm. The rheological properties of PDMS were measured as a function of angular frequency, w, from 0.01 to 15 Hz using a controlled strain rheometer (Model Physica MCR 300, Anton Paar) with 25 mm diameter plates at a gap of 1 mm. All the rheological measurements were conducted at room temperature and stress (strain) sweeps were used to confirm that measurements obtained on the commercial rheometers were within the region of linear viscoelasticity.
RESULTS AND DISCUSSION
PB
A representative plot of shear stress, s, and shear strain, g, as a function of time, t, obtained by conversion of the acceleration and force output signals from the HF-SPR, is shown in Figure 2 . As expected, the stress and strain curves are sinusoidal. For this particular case, the stress and strain are characterized by amplitudes of 10 kPa and 11 %, respectively, with the stress leading the strain by a phase shift of 1.31 radians (75 degrees). Inertial effects due to the fluid may be neglected, as all the gaps investigated are small relative to the wavelength, l, of the shear wave propagated in the fluid (Eq. 9), where G' is the elastic modulus, n is the frequency (cycles·s -1 ) and r is the density [6] . (9) 
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Applied Rheology Volume 17 · Issue 6 The viscoelastic properties (G', G'', h* and tan d) of PB as a function of strain, g, are summarized in Figure 3 . Since strain sweeps cannot be conducted in the HF-SPR, each data point represents a separate experiment. Therefore, the apparent scatter in the data is attributed in part to the inherent run-to-run variability. At low strains, G', G'', h* and tan d are independent of the applied strain. However, at strains above approximately 14 %, tan d begins to exhibit erratic behaviour, which may suggest the onset of end and edge effects resulting from flow heterogeneity at the sample edges [1] .
Although the lower fixture is designed to be stationary, acceleration measurements revealed that vibration is transferred from the upper fixture to the lower fixture through the guide rods that are part of the industrial welder used in this work. As a consequence, this inertial force, which is associated with the mass and acceleration of the lower fixture, contributes to the total force measured by the shear force sensors, and thus, can result in erroneously high shear stress measurements. Therefore, the most accurate shear force measurements will be obtained on the HF-SPR at conditions for which the inertial force is negligible compared to forces generated by the sheared fluid.
For a Newtonian liquid, the shear stress is proportional to the shear rate, g ·
where the Newtonian viscosity, h, is the proportionality constant [1] . For simple shear flow, the shear rate is defined as the velocity, V, of the upper fixture, divided by the gap spacing. In oscillatory shear measurements, the velocity of the upper fixture varies as a function of time, V = Awcos(wt). Thus, the maximum shear rate g · max is achieved when the upper plate is at its maximum velocity, Aw.
Using this relationship, the maximum shear stress becomes (12) and the maximum measured shear force, F m-max , is therefore given by (13) Since the acceleration experienced by the lower fixture, a b , is most probably a function of the acceleration of the upper fixture, the inertial force, F i , can be approximated by (14) where m is the mass of the lower fixture and k is a proportionality constant relating the vibratory acceleration of the top fixture to the parasitic acceleration in the lower fixture. The maximum inertial force is then given by (15) The ratio of these two forces is inversely proportional to the gap (16) This relationship is consistent with what is observed experimentally, as shown in Figure 4 . Therefore, for a given fluid, fixture and frequency, the effect of the inertial force can be minimized by operating the HF-SPR at small gaps.
As expected, comparison of the inertial force to the total measured force revealed that the inertial force comprises a significant portion of the total measured force when the SPR is operated at large gaps (i.e. 1.95 and 2.97 mm), but contributes at most 10 % of the total measured force when the SPR is operated at the low gaps (i.e. 0.53, 0.99 and 1.44 mm). Hence, the inertial force was neglected for all measurements conducted at gaps of 0.53, 0.99 and 1.44 mm. Although the measurements obtained at gaps less than 1.95 mm can be corrected to account for the inertial force, no corrections were made since there was only a 9 % difference between the measured and corrected data. Therefore, the average value of 62563-5 Applied Rheology Volume 17 · Issue 6 the viscoelastic properties for PB was obtained from measurements conducted at gaps and strains less than 1.95 mm and 14 %, respectively. Figure 5 displays the rheological properties of PB, obtained with the parallel plate rheometer as a function of angular frequency, w, and compares them with the data obtained on the HF-SPR. The low frequency data, obtained on the parallel plate rheometer, indicates that PB is a Newtonian material as the h* is independent of w. As expected for Newtonian materials, G' and G'' increase linearly according to the following relationships [1] (17) (18) Extrapolation of the low frequency data to frequencies of 210 Hz using the proportionality shown in Eqs. 17 and 18 reveals that the values obtained using the HF-SPR are in good agreement with those predicted for Newtonian materials. These results clearly demonstrate the ability of the HF-SPR to measure the rheological properties of Newtonian materials. Figure 6 displays representative sinusoidal stress, s, and strain, g, as a function of time, t, measured for PDMS using the HF-SPR. For this particular data set, the stress and strain curves have amplitudes of 3.7 kPa and 12 %, respectively, and the stress curve leads the strain curve by a phase shift of 0.92 radians (53 degrees). The effect of fluid inertia was neglected for PDMS since all gap spacings investigated were smaller than the estimated wavelength of the propagated shear wave [6] .
PDMS
The viscoelastic properties (G', G'', h* and tan d) for PDMS as a function of strain, g, are summarized in Figure 7 . It is observed that G' and h* decrease slightly with increasing strain to a strain of approximately 8 %, where at which point, G' and h* become relatively independent of strain. It should be noted that the low strain data was obtained at gaps ranging from 0.99 to 2.97 mm. Comparison of the inertial force to the total measured force suggests that these low strain viscoelastic properties are likely overestimated as the inertial force contributes significantly to the total measured force. Using arguments presented earlier, these inertial effects can be neglected by using a gap of 0.53 mm. Thus, the average value of the viscoelastic properties for PDMS was obtained from measurements conducted at a gap of 0.53 mm and strains in excess of 8 %.
The PDMS sample used in this work is entangled, given that its molecular weight is above 24500 g/mol, which is the critical molecular weight for entanglements [15] . It has been reported that, for a PDMS of similar molecular weight as ours, the value of the plateau modulus is about 500000 Pa at a frequency of approximately 200 kHz [10] . The measurements obtained using the HF-SPR are therefore well below the plateau region.
The rheological behaviour of PDMS as a function of angular frequency, w, measured using the parallel plate rheometer, is compared to the viscoelastic properties measured on the HF-SPR in Figure 8 . The low frequency data, obtained on the
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Applied Rheology Volume 17 · Issue 6 parallel plate rheometer, indicate that PDMS is a non-Newtonian material as h* displays shearthinning behaviour. Expansion of the frequency range by time-temperature superposition was not possible as the rheometers used in this work do not have the capability to measure at the subambient temperatures required to reach the frequency of interest. The low frequency G' and G'' data were fit with the generalized Maxwell model [1] , Eqs. 19 and 20, where G i is the relaxation strength, and l i is the relaxation time of Maxwell elements i to N. The parameters (G i , l i ) were determined using a nonlinear optimization program following the algorithm developed by Baumgaertel and Winter [16] . Employing this program results in the calculation of the least number of (G i , l i ) parameters (Parsimonious spectra). Excellent agreement between the generalized Maxwell model and the low frequency data (i.e. 0.12 to 16 Hz) obtained on the parallel plate rheometer is observed as shown in Figure 8 . Table 1 shows the discrete relaxation spectrum calculated for PDMS. 
The slight deviation between the G' and G'' values measured on the HF-SPR and the extrapolations based on the generalized Maxwell model extrapolations is believed to be due to the fact that the generalized Maxwell model was fitted using experimental data obtained from frequencies of 0.12 to 16 Hz. One or more additional Maxwell elements, which are not experimentally accessible, would most likely be needed to obtain good predictions at 210 Hz. As shown in Figure 9 , the Cross model, Eq. 21, was also used to extrapolate the low frequency h* measurements obtained on the parallel plate rheometer to a frequency of 210 Hz, where h* is the complex viscosity, h 0 is the zero-shear complex viscosity, l is the relaxation time and n is the power-law index [1] .
(21)
Good agreement between the Cross and generalized Maxwell model extrapolations of the low frequency parallel plate rheometer data and h* measured on the HF-SPR, demonstrates the ability of the HF-SPR to measure the high frequency viscosity of shear-thinning materials.
A significant limitation of the HF-SPR is its inability to measure the viscoelastic properties of polymer melts over a range of frequencies. As mentioned previously, the HF-SPR can only operate at one frequency due to power restrictions of the vibration welder. However, the intended use of the HF-SPR is to measure the viscoelastic properties of thermoplastic materials at the frequency and amplitudes typically employed in vibration welding (i.e. 210 Hz and 1 mm, respectively), to enable better modelling of the vibration welding process. In particular, the speed of the welding process is governed by the rate of viscous dissipation. Although the measurements conducted herein were done at ambient conditions, the HF-SPR can operate at temperatures as high as 200°C [17] . Therefore, attempts to expand the frequency range of the HF-SPR through the use of TTS is possible.
CONCLUSIONS
A newly constructed high frequency sliding plate rheometer (HF-SPR) was used to measure the high frequency linear viscoelastic properties of polymer melts. The capability of the HF-SPR to accurately measure the high frequency viscoelastic properties of Newtonian materials was demonstrated by the good agreement obtained between the viscoelastic properties measured for PB using the HF-SPR and those extrapolated from low frequency measurements obtained on a parallel plate rheometer. Although the low frequency generalized Maxwell model extrapolations for PDMS deviated slightly from the values measured for G' and G'' using the HF-SPR, the discrepancy is likely due to uncertainty in the generalized Maxwell model extrapolations rather than error in the measured values. However, good agreement between Cross model extrapolation and h* measured using the HF-SPR for PDMS demonstrated the ability of the HF-SPR to measure the high frequency viscosity of shear-thinning materials.
